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(54) SPARK PLUG

(57)  Aspark plug (1) includes a center electrode (5),

aground electrode (27), and a tip (31) joined to the center l
electrode (5) and forming a spark discharge gap (33) in -
cooperation with the ground electrode (27). The tip (31)
is joined to the center electrode (5) via a fusion zone (35),
and the fusion zone (35) has an exposed surface (35E)
exposed to the external environment. In a section which |
contains an axis (CL1) and the center (CP) of the exposed ol
surface (35E), the relational expression C - B > 0.02 is 1
satisfied, where C (mm) is the distance on the side sur-
face of the tip (31) between the fusion zone (35) and the
distal end of the tip (31), and B (mm) is the distance be-
tween a distal end surface (31F) of the tip (31) and a
portion of the fusion zone (35) located closer to the axis
(CL1) than the side surface of the tip (31) and located
closest in the fusion zone (35) to the distal end surface
(31F) of the tip (31). By virtue of these features, exposure 1

of the fusion zone (35) to the spark discharge gap (33)

can be restrained over a long period of time; accordingly, FIG. 4
durability can be improved.
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Description
TECHNICAL FIELD
[0001] The present invention relates to a spark plug for use in an internal combustion engine or the like.
BACKGROUND ART

[0002] A spark plug for use in an internal combustion engine includes, for example, a center electrode extending in
an axial direction; an insulator provided externally of the outer circumference of the center electrode; a cylindrical metallic
shell externally assembled to the outer circumference of the insulator; and a ground electrode whose proximal end
portion is joined to a forward end portion of the metallic shell. The ground electrode is bent at its substantially intermediate
portion in such a manner that its distal end portion faces a forward end portion of the center electrode, thereby forming
a spark discharge gap between the forward end portion of the center electrode and the distal end portion of the ground
electrode.

[0003] In recent years, there has been proposed a technique for restraining an increase in the spark discharge gap
resulting from spark discharges (for improving erosion resistance) while improving ignition performance, by means of
joining a relatively-small-diameter tip formed of iridium, platinum, or the like to the forward end portion of the center
electrode (refer to, for example, Patent Document 1). According to the technique, in a state in which the tip is placed on
the forward end surface of the center electrode, a laser beam is radiated to the periphery of a contact surface between
the tip and the center electrode so as to form a fusion zone where the tip and the center electrode are fused together,
thereby joining the tip to the center electrode. The laser beam is radiated along a direction substantially parallel to the
distal end surface of the tip, and, as a result of formation of the fusion zone, a portion of the tip located toward the side
surface of the tip becomes smaller in thickness than a portion of the tip located toward the center of the tip.

PRIOR ART DOCUMENT

PATENT DOCUMENT

[0004] Patent Document 1: Japanese Patent Application Laid-Open (kokai) No. 2003-68421
SUMMARY OF THE INVENTION

PROBLEM TO BE SOLVED BY THE INVENTION

[0005] Meanwhile, since electric field strength is relatively high at the edge of the tip located between the distal end
surface and the side surface of the tip, a spark discharge is likely to occur starting from the edge and its vicinity, and the
edge and its vicinity are likely to have a high temperature. Thus, in the course of erosion of the tip as a result of spark
discharges and the like, the edge and its vicinity are more likely to be eroded; accordingly, as a result of erosion of the
edge and its vicinity to a certain extent, the distal end surface of the tip assumes a rounded shape; subsequently, the
tip is eroded substantially evenly. Specifically, as shown in FIG. 16, a tip 81 undergoes erosion such that its portion
located toward the side surface is eroded more than its portion located toward its center.

[0006] Therefore, according to the technique described in Patent Document 1 mentioned above, as shown in FIG. 17,
as a result of erosion of the tip 81, a portion of a fusion zone 85 located toward the outer circumference of the fusion
zone 85 may be exposed to a spark discharge gap 83 at a relatively early stage. Since the fusion zone is inferior to the
tip in terms of durability, exposure of the fusion zone to the spark discharge gap causes a rapid increase in the size of
the spark discharge gap. As a result, an abruptincrease in discharge voltage may be incurred (i.e., durability may become
insufficient). Also, the progress of erosion of the fusion zone deteriorates the joining strength of the tip, potentially resulting
in separation of the tip.

[0007] Inthis connection, there is conceived restraint of exposure of the fusion zone to the spark discharge gap through
increase in the thickness (height) of the tip. However, in this case, an increase in material cost may be incurred.
[0008] The presentinvention has been conceived in view of the above circumstances, and an object of the invention
is to provide a spark plug which can restrain exposure of the fusion zone to the spark discharge gap over a long period
of time without involvement of an increase in material cost and which eventually can drastically improve durability.

MEANS FOR SOLVING THE PROBLEM

[0009] Configurations suitable for achieving the above object will next be described in itemized form. If needed, actions
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and effects peculiar to the configurations will be described additionally.

[0010] Configuration 1: A spark plug of the present configuration comprises

a center electrode extending in a direction of an axis,

a tubular insulator having an axial bore into which the center electrode is inserted,

a tubular metallic shell provided externally of an outer circumference of the insulator,

a ground electrode disposed at a forward end portion of the metallic shell, and

a tip whose proximal end portion is joined to a forward end portion of the center electrode and whose distal end portion
forms a gap in cooperation with a distal end portion of the ground electrode, and

the spark plug is characterized in that

the tip is joined to the center electrode via a fusion zone which is formed by radiation of a laser beam or an electron
beam from a lateral side of the center electrode and in which the tip and the center electrode are fused together,

the fusion zone is located toward a side from which the laser beam or the electron beam is radiated, and includes an
exposed surface exposed to an external environment, and

in a section which contains the axis and passes through a center of the exposed surface,

a relational expression C - B > 0.02 is satisfied, where

C (mm) is a distance along the axis on a side surface of the tip between the fusion zone and a distal end of the tip, and
B (mm) is a distance along the axis between a distal end surface of the tip and a portion of the fusion zone located closer
to the axis than the side surface of the tip and located closest in the fusion zone to the distal end surface of the tip.
[0011] In the case where the laser beam or the like is radiated intermittently, the outer surface of the fusion zone has
a circular peripheral line (outline). In this case, the "center of the exposed surface" means the center of the peripheral
line. However, in some cases, as a result of overlap of outer surfaces of fusion zones, the peripheral line of a fusion
zone is not clear-cut. In such a case, the "center of the exposed surface" means the center of an imaginary circle drawn
in such a manner as to pass through a relatively clear-cut portion of the peripheral line of a fusion zone.

[0012] In the case where the laser beam or the like is continuously radiated while being moved relative to the center
electrode, the outer surface of the fusion zone has a peripheral line (outline) extending along the circumferential direction
of the center electrode. In this case, the "center of the exposed surface" means a point which resides on an imaginary
line located at the center between a line segment of the peripheral line located on a side toward the center electrode
and a line segment of the peripheral line located on a side toward the tip and which resides where the width between
the line segment of the peripheral line on the side toward the center electrode and the line segment of the peripheral
line on the side toward the tip is the greatest.

[0013] According to configuration 1 mentioned above, the relational expression C - B > 0.02 mm is satisfied; i.e., a
portion of the tip located toward the side surface of the tip is sufficiently greater in thickness than a portion of the tip
located toward the center (axis). Therefore, a large thickness is ensured for a portion of the tip whose erosion is apt to
progress, so that without need to increase the thickness (height) of the tip, exposure of the fusion zone to the gap can
be restrained over a long period of time. That is, according to configuration 1 mentioned above, without involvement of
an increase in material cost, durability can be drastically improved, and, in turn, service life can be further elongated.
[0014] Configuration 2: A spark plug of the present configuration is characterized in that, in configuration 1 mentioned
above, in the section which contains the axis and passes through the center of the exposed surface,

a relational expression 30 > a is satisfied, where

a (°) is an acute angle between an outline of the distal end surface of the tip and a straight line which connects a portion
of the fusion zone located closest in the fusion zone to the distal end surface of the tip and a forward end portion with
respect to the direction of the axis of the fusion zone on the side surface of the tip.

[0015] Needless to say, the "portion of the fusion zone located closest in the fusion zone to the distal end surface of
the tip" is configured not to be exposed at the distal end surface of the tip.

[0016] According to configuration 2 mentioned above, through satisfaction of the relational expression 30° > a, an
inwardly located portion of the fusion zone does not excessively penetrate into the tip. Therefore, a surface of the fusion
zone located on a side toward the tip is similar in shape to an eroded distal end surface of the tip; as a result, the fusion
zone is not exposed to the gap until almost all of the tip is eroded away (i.e., the tip is used quite effectively). Thus,
exposure of the fusion zone to the gap can be prevented over a very long period of time, so that durability can be further
improved.

[0017] Configuration 3: A spark plug of the present configuration is characterized in that, in configuration 1 or 2
mentioned above, the center electrode includes an outer layer, and an inner layer provided in the interior of the outer
layer and formed of a metal higher in thermal conductivity than the outer layer, and

in the section which contains the axis and passes through the center of the exposed surface,

a relational expression D < 2.0 is satisfied, where

D (mm) is a shortest distance between the tip and the inner layer or a shortest distance between the fusion zone and
the inner layer, whichever is shorter.

[0018] According to configuration 3 mentioned above, heat of the tip can be efficiently conducted to the inner layer
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having superior thermal conductivity, whereby overheating of the tip can be restrained. As a result, erosion resistance
and oxidation resistance of the tip can be improved, whereby durability can be further enhanced.

[0019] Configuration 4: A spark plug of the present configuration is characterized in that, in any one of configurations
1 to 3, the exposed surface is formed only on a side surface of the center electrode.

[0020] Configuration 4 mentioned above is such that the exposed surface of the fusion zone is formed only on the
side surface of the center electrode (in other words, such that the exposed surface of the fusion zone is not formed on
the end surface of the tip). Therefore, thickness can be ensured to the possible greatest extent for a side portion of the
tip which is particularly apt to be eroded, so that erosion resistance of the tip can be further improved. Also, since the
exposed surface is not formed on the side surface of the tip, quality of external appearance can be improved.

[0021] Configuration 5: A spark plug of the present configuration is characterized in that, in any one of claims 1 to 4
mentioned above, the tip is formed of iridium, platinum, tungsten, palladium, or an alloy which contains at least one of
the metals as a main component.

[0022] According to configuration 5 mentioned above, erosion resistance and oxidation resistance of the tip can be
further improved, whereby durability can be further improved.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023]

[FIG. 1] Partially cutaway front view showing the configuration of a spark plug.

[FIG. 2] Partially cutaway enlarged front view showing the configuration of a forward end portion of the spark plug.
[FIG. 3] Fragmentary enlarged front view showing the configuration of fusion zones, etc.

[FIG. 4] Enlarged sectional view showing the configuration of the fusion zones, etc.

[FIG. 5] Enlarged sectional view of the fusion zone, etc., for explaining angle a.

[FIG. 6] Enlarged sectional view of the fusion zones, etc., for explaining distance D.

[FIG. 7] Graph showing the results of an erosion resistance evaluation test conducted on samples which differin C - B.
[FIG. 8] Graph showing the results of the erosion resistance evaluation test conducted on samples which differ in
angle a.

[FIG. 9] Graph showing the results of a desktop burner test conducted on samples which differ in distance D.
[FIG. 10] Fragmentary enlarged front view showing the configuration of a fusion zone in another embodiment.
[FIG. 11] Enlarged sectional view showing the configuration of fusion zones in a further embodiment.

[FIG. 12] Enlarged sectional view showing the configuration of fusion zones in a still further embodiment.

[FIG. 13] Enlarged sectional view showing the configuration of fusion zones in a yet another embodiment.

[FIG. 14] Enlarged sectional view showing the configuration of fusion zones in another embodiment.

[FIG. 15] Enlarged sectional view showing the configuration of fusion zones in a further embodiment.

[FIG. 16] Enlarged sectional view showing the configuration of fusion zones, etc., according to a conventional
technique.

[FIG. 17] Enlarged sectional view showing the configuration of fusion zones, etc., according to a conventional
technique at a stage where erosion of a tip has progressed.

MODES FOR CARRYING OUT THE INVENTION

[0024] An embodiment of the present invention will next be described with reference to the drawings. FIG. 1 is a
partially cutaway front view showing a spark plug 1. In FIG. 1, the direction of an axis CL1 of the spark plug 1 is referred
to as the vertical direction. In the following description, the lower side of the spark plug 1 in FIG. 1 is referred to as the
forward side of the spark plug 1, and the upper side as the rear side.

[0025] The spark plug 1 includes a ceramic insulator 2, which corresponds to the tubular insulator of the present
invention, and a tubular metallic shell 3 which holds the ceramic insulator 2 therein.

[0026] The ceramic insulator 2 is formed from alumina or the like by firing, as well known in the art. The ceramic
insulator 2, as viewed externally, includes a rear trunk portion 10 formed on the rear side; a large-diameter portion 11
located forward of the rear trunk portion 10 and projecting radially outward; an intermediate trunk portion 12 located
forward of the large-diameter portion 11 and being smaller in diameter than the large-diameter portion 11; and a leg
portion 13 located forward of the intermediate trunk portion 12 and being smaller in diameter than the intermediate trunk
portion 12. Additionally, the large-diameter portion 11, the intermediate trunk portion 12, and most of the leg portion 13
are accommodated in the metallic shell 3. A tapered, stepped portion 14 is formed at a connection portion between the
leg portion 13 and the intermediate trunk portion 12. The ceramic insulator 2 is seated on the metallic shell 3 at the
stepped portion 14.

[0027] Furthermore, the ceramic insulator 2 has an axial bore 4 extending therethrough along the axis CL1. A rodlike
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(circular columnar) center electrode 5 extending in the direction of the axis CL1 is fixedly inserted into a forward end
portion of the axial bore 4. The center electrode 5 includes an inner layer 5A formed of copper, a copper alloy, or pure
nickel (Ni), the metals having superior thermal conductivity, and an outer layer 5B formed of an Ni alloy which contains
Ni as a main component. Furthermore, the forward end surface of the center electrode 5 protrudes from the forward end
of the ceramic insulator 2.

[0028] Additionally, a proximal end portion of a circular columnar tip 31 is joined to a forward end portion of the center
electrode 5. In the present embodiment, the tip 31 is formed of iridium (Ir), platinum (Pt), tungsten (W), palladium (Pd),
or an alloy which contains at least one of the metals as a main component. In the present embodiment, the height of
the tip 31 [a maximum distance along the direction of the axis CL1 from the distal end surface of the tip 31 to the center
electrode 5 (to a fusion zone 35 to be described later in the case where the tip 31 is not in contact with the center
electrode 5)] falls within a predetermined range (e.g., from 0.3 mm to 3.0 mm). Through employment of a height of the
tip 31 within the predetermined range, while superior erosion resistance, etc., are implemented, an increase in material
cost is restrained.

[0029] Also, a terminal electrode 6 is fixedly inserted into a rear end portion of the axial bore 4 and protrudes from the
rear end of the ceramic insulator 2.

[0030] Furthermore, a circular columnar resistor 7 is disposed within the axial bore 4 between the center electrode 5
and the terminal electrode 6. Opposite end portions of the resistor 7 are electrically connected to the center electrode
5 and the terminal electrode 6 via electrically conductive glass seal layers 8 and 9, respectively.

[0031] Additionally, the metallic shell 3 is formed into a tubular shape from a low-carbon steel or a like metal and has
a threaded portion (externally threaded portion) 15 on its outer circumferential surface for mounting the spark plug 1 into
a mounting hole formed in a combustion apparatus (e.g., an internal combustion engine or a fuel cell reformed). The
metallic shell 3 has a seat portion 16 formed on its outer circumferential surface and located rearward of the threaded
portion 15. Aring-like gasket 18 is fitted to a screw neck 17 located at the rear end of the threaded portion 15. Furthermore,
the metallic shell 3 has a tool engagement portion 19 provided near its rear end, having a hexagonal cross section, and
allowing a tool such as a wrench to be engaged therewith when the metallic shell 3 is to be attached to the combustion
apparatus. Also, the metallic shell 3 has a crimped portion 20 provided at its rear end portion and adapted to hold the
ceramic insulator 2.

[0032] Also, the metallic shell 3 has a tapered, stepped portion 21 provided on its inner circumferential surface and
adapted to allow the ceramic insulator 2 to be seated thereon. The ceramic insulator 2 is inserted forward into the metallic
shell 3 from the rear end of the metallic shell 3. In a state in which the stepped portion 14 of the ceramic insulator 2 butts
against the stepped portion 21 of the metallic shell 3, a rear-end opening portion of the metallic shell 3 is crimped radially
inward; i.e., the crimped portion 20 is formed, whereby the ceramic insulator 2 is fixed to the metallic shell 3. An annular
sheet packing 22 intervenes between the stepped portion 14 of the ceramic insulator 2 and the stepped portion 21 of
the metallic shell 3. This retains airtightness of a combustion chamber and prevents outward leakage of fuel gas entering
a clearance between the leg portion 13 of the ceramic insulator 2 and the inner circumferential surface of the metallic
shell 3, the clearance being exposed to the combustion chamber.

[0033] Furthermore, in order to ensure airtightness which is established by crimping, annular ring members 23 and
24 intervene between the metallic shell 3 and the ceramic insulator 2 in a region near the rear end of the metallic shell
3, and a space between the ring members 23 and 24 is filled with powder of talc 25. That is, the metallic shell 3 holds
the ceramic insulator 2 through the sheet packing 22, the ring members 23 and 24, and the talc 25.

[0034] Also, as shown in FIG. 2, a rodlike ground electrode 27 is joined to a forward end portion 26 of the metallic
shell 3. The ground electrode 27 is bent at its substantially intermediate portion and has a protrusion 27P disposed at
its distal end portion and formed of Ir, Pt, W, Pd, or an alloy which contains at least one of the metals as a main component.
A spark discharge gap 33, which corresponds to the gap of the present invention, is formed between a distal end portion
of the tip 31 and a distal end portion (protrusion 27P) of the ground electrode 27. Spark discharges are performed across
the spark discharge gap 33 in a direction substantially along the axis CL1.

[0035] Furthermore, in the present embodiment, the tip 31 is joined to the center electrode 5 via the fusion zone 35
where the tip 31 and the center electrode 5 are fused together. The fusion zone 35 is formed through intermittent radiation
of a laser beam or an electron beam (in the present embodiment, a high-energy laser beam such as a fiber laser beam)
toward the side surface (outer circumferential surface) of the center electrode 5 along the circumferential direction. Thus,
as shown in FIG. 3, a plurality of the fusion zones 35 are provided in a connected manner along the circumferential
direction. Each of the fusion zones 35 includes an exposed surface 35E exposed to the external environment and located
on a side from which the laser beam or the electron beam has been radiated. In the present embodiment, the exposed
surfaces 35E are formed in such a manner as to extend into the side surface of the center electrode 5 and into the side
surface of the tip 31. Also, the fusion zones 35 are formed through radiation of the laser beam or the like from a direction
which is inclined rearward with respect to the direction of the axis CL1 from a direction parallel to a distal end surface
31F of the tip 31.

[0036] Additionally, the present embodiment is configured such that, as shown in FIG. 4, in a section which contains
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the axis CL1 and passes through a center CP of the exposed surface 35E (a section where a most inward portion of the
fusion zone 35 is considered to appear), the relational expression C - B > 0.02 is satisfied, where C (mm) is the distance
on the side surface of the tip 31 along the axis CL1 between the fusion zone 35 and the distal end of the tip 31, and B
(mm) is the distance along the axis CL1 between the distal end surface 31F of the tip 31 and a portion 35X of the fusion
zone 35 located closer to the axis CL1 than the side surface of the tip 31 and located closest in the fusion zone 35 to
the distal end surface 31F of the tip 31. That is, the present embodiment is configured such that a portion of the tip 31
located toward the side surface of the tip 31 is sufficiently large in thickness along the axis CL1 than a portion of the tip
31 located toward the center of the tip 31.

[0037] Asshownin FIG. 3, the "center CP of the exposed surface 35E" means the center of the peripheral line of the
exposed surface 35E. However, in the case where the peripheral line is not clear-cut as a result of overlap of the exposed
surfaces 35E, the "center CP of the exposed surface 35E" means the center of an imaginary circle drawn in such a
manner as to pass through a relatively clear-cut portion of the peripheral line.

[0038] Furthermore, the present embodiment is configured such that the relational expression 30 > a is satisfied,
where, as shown in FIG. 5, a (°) is an acute angle between the outline of the distal end surface of the tip 31 (in FIG. 5,
a straight line PL parallel to the outline) and a straight line TL which connects a portion 35X of the fusion zone 35 located
closest in the fusion zone 35 to the distal end surface 31F of the tip 31 and a forward end portion 35Y with respect to
the direction of the axis CL1 of the fusion zone 35 on the side surface of the tip 31. That is, the present embodiment is
configured such that a portion of the fusion zone 35 located toward the center does not excessively penetrate into the
tip 31 toward the distal end surface 31F of the tip 31, whereby a sufficient thickness is ensured for a portion of the tip
31 located toward the center.

[0039] Additionally, the present embodiment is configured such that the relational expression D < 2.0 is satisfied,
where, as shown in FIG. 6, D (mm) is a shortest distance E between the tip 31 and the inner layer 5A of the center
electrode 5 or a shortest distance F between the fusion zone 35 and the inner layer 5A, whichever is shorter (in the
present embodiment, the shortest distance F is the distance D).

[0040] The present embodiment is configured such that the above-mentioned relational expressions (C - B > 0.02, 30
> a, and D < 2.0) are satisfied in sections which contain the axis CL1 and pass through the centers CP of the exposed
surfaces 35E. However, it is not necessary to satisfy the above-mentioned relational expressions with respect to all of
the fusion zones 35 (exposed surfaces 35E), but the relational expressions may be satisfied in a section which contains
the axis CL1 and passes through at least one of the centers CP of the exposed surfaces 35E (however, it is more
preferable to satisfy the relational expressions with respect to a plurality of the exposed surfaces 35E). All of the above-
mentioned relational expressions are not necessarily satisfied, but satisfying at least the relational expression C - B >
0.02 suffices.

[0041] As described above in detail, the present embodiment is configured such that the distance B and the distance
C satisfy the relational expression C - B > 0.02 mm; i.e., a portion of the tip 31 located toward the side surface of the tip
31 is sufficiently greater in thickness than a portion of the tip 31 located toward the center (axis CL1). Therefore, a large
thickness is ensured for a portion of the tip 31 whose erosion is apt to progress, so that without need to increase the
thickness (height) of the tip 31, exposure of the fusion zone 35 to the spark discharge gap 33 can be restrained over a
long period of time. That is, according to the present embodiment, without involvement of an increase in material cost,
durability can be drastically improved, and, in turn, service life can be further elongated.

[0042] Furthermore, the present embodiment is configured such that the relational expression 30° > a is satisfied; i.e.,
an inwardly located portion of the fusion zone 35 does not excessively penetrate into the tip 31. Therefore, a surface of
the fusion zone 35 located on a side toward the tip 31 is similar in shape to an eroded distal end surface of the tip 31;
as a result, the fusion zone 35 is not exposed to the spark discharge gap 33 until almost all of the tip 31 is eroded away
(i.e., the tip 31 is used quite effectively). Thus, exposure of the fusion zone 35 to the spark discharge gap 33 can be
prevented over a very long period of time, so that durability can be further improved.

[0043] Also, through satisfaction of the relational expression D < 2.0, heat of the tip 31 can be efficiently conducted
to the inner layer 5A having superior thermal conductivity. Therefore, overheating of the tip 31 can be restrained, whereby
durability can be further enhanced.

[0044] Additionally, according to the presentembodiment, the tip 31 is formed of Ir, Pt, W, Pd, or an alloy which contains
at least one of the metals as a main component. Thus, erosion resistance and oxidation resistance of the tip 31 can be
further improved, whereby durability can be further improved.

[0045] Next, in order to verify actions and effects to be yielded by the above embodiment, there were manufactured
spark plug samples which had a distance B of 0.1 mm, 0.2 mm, or 0.3 mm (at a distance B of 0.1 mm, a tip having a
height of 0.2 mm was used; at a distance B of 0.2 mm, a tip having a height of 0.3 mm was used; and at a distance B
of 0.3 mm, a tip having a height of 0.4 mm was used) and which differed in the distance C through adjustment of a fiber
laser beam radiation angle. The samples were subjected to an erosion resistance evaluation test. The outline of the
erosion resistance evaluation test is as follows. The samples were mounted to a predetermined chamber, and the
pressure within the chamber was set to 0.4 MP by means of air. Next, by use of an ignition coil having an output energy
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of 60 mJ and an output frequency of 60 Hz, the samples having a distance B of 0.1 mm were caused to discharge for
75 hours; the samples having a distance B of 0.2 mm were caused to discharge for 150 hours; and the samples having
a distance B of 0.3 mm were caused to discharge for 200 hours [the discharge time was changed in consideration of a
difference in the distance between the fusion zone and the distal end surface of the tip (tip thickness) resulting from a
difference in the distance B (tip height)]. After the discharge, the spark discharge gaps (the greatest gaps) of the samples
were measured, and there were calculated increases of the gaps (gap increases) as compared with the spark discharge
gaps of the samples before the test. FIG. 7 is a graph showing the relation between the value of C - B and the gap
increase. In FIG. 7, the test results of the samples having a distance B of 0.1 mm are plotted with circles; the test results
of the samples having a distance B of 0.2 mm are plotted with triangles; and the test results of the samples having a
distance B of 0.3 mm are plotted with squares. Since the discharge time differs with the distance B, the gap increase
increases with the distance B.

[0046] Additionally, the samples had a tip formed of an Ir alloy and an outside diameter of 0.8 mm. Also, the ground
electrodes had respective protrusions formed of a Pt alloy and having an outside diameter of 0.7 mm and a height of
0.8 mm. Furthermore, the samples had a spark discharge gap of 0.8 mm before the test.

[0047] Asis apparent from FIG. 7, the samples having a C - B value less than 0.02 mm exhibited relatively large gap
increases, indicating inferior durability. Conceivably, this is for the following reason: a side portion of the tip is particularly
apt to progress in erosion; in this connection, through employment of a C - B value less than 0.02 mm, a portion of the
fusion zone located toward the side surface of the tip was exposed to the spark discharge gap at a relatively early stage.
[0048] By contrast, the samples having a C - B value of 0.02 mm or more exhibited reduced gap increases, indicating
superior durability. Conceivably, this is for the following reason: a sufficient thickness was ensured for a side portion of
the tip which was particularly apt to be eroded, so that the fusion zone was unlikely to be exposed to the spark discharge
gap.

[0049] Fromtheresults ofthe tests mentioned above, in order toimprove durability, preferably, the relational expression
C-B >0.02 mm is satisfied.

[0050] Next, there were manufactured spark plug samples which had a C - B value of 0.2 mm and had an angle a of
35°, 30°, or 25° through change of the radiation angle of the fiber laser beam. The samples were subjected to the above-
mentioned erosion resistance evaluation test at a discharge time of 200 hours. FIG. 8 shows the results of the test. The
samples had a tip formed of an Ir alloy and an outside diameter of 0.8 mm and a height of 0.5 mm. Also, the ground
electrodes had respective protrusions formed of a Pt alloy and having an outside diameter of 0.7 mm and a height of
0.8 mm. The samples had a spark discharge gap of 0.8 mm before the test.

[0051] Asis apparentfrom FIG. 8, the samples having an angle a of 30° or less had far superior durability. Conceivably,
this is for the following reason: through employment of an angle a of 30° or less, a surface of the fusion zone located
on a side toward the tip was similar in shape to an eroded distal end surface of the tip; as a result, the tip was effectively
used (i.e., the fusion zone was not exposed to the spark discharge gap until almost all of the tip was eroded away); thus,
exposure of the fusion zone to the spark discharge gap was prevented over a very long period of time.

[0052] From the results of the test mentioned above, in order to further improve durability, preferably, the relational
expression 30° > a is satisfied.

[0053] Next, there were manufactured spark plug samples which had a shortest distance E between the tip and the
inner layer of 1.5 mm, 2.0 mm, or 2.5 mm and differed in the distance D (the shortest distance E or the shortest distance
F, whichever is shorter) through change of the shortest distance F between the fusion zone and the inner surface. The
samples were subjected to a desktop burner test. The outline of the desktop burner test is as follows. Forward end
portions of the samples were heated under the condition that the tip temperature was about 900°C at a shortest distance
E and a shortestdistance F of 2.0 mm, and tip temperatures were measured during heating. The lower the tip temperature,
the more oxidation resistance and erosion resistance of the tip can be improved; thus, a low tip temperature can be said
to be preferable in view of durability of the tip. Table 1 and FIG. 9 show the results of the test. The samples had a tip
formed of an Ir alloy and an outside diameter of 0.8 mm and a height of 0.5 mm.

[Table 1]
shortestdistance E (mm) | Shortest distance F (mm) | Distance D (mm) | Temp. (°C)
1.8 1.5 889
1.5 2.0 1.5 888
2.2 1.5 891
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(continued)
shortestdistance E (mm) | Shortest distance F (mm) | Distance D (mm) | Temp. (°C)
1.7 1.7 892
2.0 2.0 2.0 900
2.3 2.0 903
1.7 1.7 895
2.0 2.0 902
25
2.2 2.2 914
2.5 2.5 920

[0054] AsisapparentfromTable 1andFIG. 9, through employmentofa distance D of 2.0 mm orless, the tip temperature
drops greatly during heating, indicating that overheating of the tip can be effectively restrained.

[0055] From the results of the test mentioned above, in view of further improvement of durability, preferably, the
relational expression D < 2.0 mm is satisfied.

[0056] The presentinvention is not limited to the above-described embodiment, but may be embodied, for example,
as follows. Of course, applications and modifications other than those exemplified below are also possible.

(a) In the embodiment described above, the fusion zones 35 are formed through intermittent radiation of a laser
beam or the like; however, the fusion zone may be formed by means of the laser beam or the like being continuously
radiated while being moved relative to the center electrode 5. In this case, as shown in FIG. 10, a fusion zone 36
has an exposed surface 36E exposed at its outer surface and extending along the circumferential direction of the
center electrode 5. At this time, the "center of the exposed surface 36E" means a point which resides on an imaginary
line VL located at the center between a line segment L1 of the peripheral line of the exposed surface 36E located
on a side toward the center electrode 5 and a line segment L2 of the peripheral line located on a side toward the
tip 31 and which resides where the width between the line segment L1 on the side toward the center electrode 5
and the line segment L2 on the side toward the tip 31 is the greatest. This is for the following reason: in a section
which contains the axis CL1 and passes through the point, a most inward portion of the fusion zone 36 is considered
to appear.

(b) In the embodiment described above, the exposed surfaces 35E are formed in such a manner as to extend into
the side surface of the center electrode 5 and into the side surface of the tip 31; however, for example, through
change of the position of radiation of the laser beam or the like to the rear side with respect to the direction of the
axis CL1, as shown in FIG. 11, the position of formation of fusion zones 37 may be adjusted such that exposed
surfaces 37E are formed only on the side surface of the center electrode 5. That is, configuration may be such that
a side portion of the tip 31 is not fused. In this case, thickness can be ensured to the possible greatest extent for a
side portion of the tip 31 which is particularly apt to be eroded, so that erosion resistance can be further improved.
Also, since the exposed surface is not formed on the side surface of the tip 31, quality of external appearance can
be improved.

(c) The amount of inward penetration of the fusion zones 35 in the embodiment described above is an example.
The amount of penetration of the fusion zones 35 may be at least such an extent as to enable joining of the tip 31
to the center electrode 5. Therefore, for example, as shown in FIG. 12, fusion zones 38 may have a relatively small
amount of inward penetration. Also, as shownin FIG. 13, fusion zones 39 may penetrate inward beyond the axis CL1.
(d) According to the embodiment described above, in the aforementioned section, the outline of the fusion zone 35
assumes the form of a straight line on the side toward the tip 31 and on the side toward the center electrode 5 and
assumes the form of an acute angle on the side toward the axis CL1; however, the sectional shape of the fusion
zone 35 is not limited thereto. For example, as shown in FIGS. 14 and 15, the outlines of fusion zones 41 and 42
may be curved in such a manner as to be expanded toward the tip 31 and toward the center electrode 5. Such
fusion zones 41 and 42 can be formed through use of YAG laser in joining the tip 31 to the center electrode 5. Even
in such a case, as shown in FIG. 14, the angle a is an acute angle between the outline of the distal end surface 31F
of the tip 31 (in FIG. 14, the straight line PL parallel to the outline) and a straight line TL2 which connects a portion
41X of the fusion zone 41 located closest in the fusion zone 41 to the distal end surface 31F of the tip 31 and a
forward end portion 41Y with respect to the direction of the axis CL1 of the fusion zone 41 on the side surface of
the tip 31.

(e) In the embodiment described above, the spark discharge gap 33 is formed between the protrusion 27P and a
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distal end portion of the tip 31. However, without provision of the protrusion 27P on the ground electrode 27, the
spark discharge gap 33 may be formed between a distal end portion of the tip 31 and a surface of the ground
electrode 27 which faces the tip 31.

(f) In the embodiment described above, the ground electrode 27 is joined to the forward end portion 26 of the metallic
shell 3. However, the present invention is also applicable to the case where a portion of a metallic shell (or a portion
of an end metal welded beforehand to the metallic shell) is cut to form a ground electrode (refer to, for example,
Japanese Patent Application Laid-Open (kokai) No. 2006-236906).

(9) In the embodiment described above, the tool engagement portion 19 has a hexagonal cross section. However,
the shape of the tool engagement portion 19 is not limited thereto. For example, the tool engagement portion 19
may have a Bi-HEX (modified dodecagonal) shape [ISO22977:2005(E)] or the like.

DESCRIPTION OF REFERENCE NUMERALS

[0057]

a b WON =

: spark plug

: ceramic insulator (insulator)
: metallic shell

: axial bore

: center electrode

5A: inner layer
5B: outer layer
27: ground electrode

31: tip

31F: distal end surface (of tip)
33: spark discharge gap (gap)
35: fusion zone

35E: exposed surface

CL1: axis

CP: center (of exposed surface)
TL: straight line

Claims

1. A spark plug comprising:

a center electrode extending in a direction of an axis;

a tubular insulator having an axial bore into which the center electrode is inserted;

a tubular metallic shell provided externally of an outer circumference of the insulator;

a ground electrode disposed at a forward end portion of the metallic shell; and

a tip whose proximal end portion is joined to a forward end portion of the center electrode and whose distal end
portion forms a gap in cooperation with a distal end portion of the ground electrode;

the spark plug being characterized in that:

the tip is joined to the center electrode via a fusion zone which is formed through radiation of a laser beam
or an electron beam toward a side surface of the center electrode and in which the tip and the center
electrode are fused together;

the fusion zone is located toward a side from which the laser beam or the electron beam is radiated, and
includes an exposed surface exposed to an external environment; and

in a section which contains the axis and passes through a center of the exposed surface,

a relational expression C - B > 0.02 is satisfied, where

C (mm) is a distance along the axis on a side surface of the tip between the fusion zone and a distal end
of the tip, and

B (mm) is a distance along the axis between a distal end surface of the tip and a portion of the fusion zone
located closer to the axis than the side surface of the tip and located closest in the fusion zone to the distal
end surface of the tip.
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A spark plug according to claim 1, wherein

in the section which contains the axis and passes through the center of the exposed surface,

a relational expression 30 > a is satisfied, where

a (°) is an acute angle between an outline of the distal end surface of the tip and a straight line which connects a
portion of the fusion zone located closest in the fusion zone to the distal end surface of the tip and a forward end
portion with respect to the direction of the axis of the fusion zone on the side surface of the tip.

A spark plug according to claim 1 or 2, wherein

the center electrode includes an outer layer, and an inner layer provided in the interior of the outer layer and formed
of a metal higher in thermal conductivity than the outer layer, and

in the section which contains the axis and passes through the center of the exposed surface,

a relational expression D < 2.0 is satisfied, where

D (mm) is a shortest distance between the tip and the inner layer or a shortest distance between the fusion zone
and the inner layer, whichever is shorter.

A spark plug according to any one of claims 1 to 3 wherein the exposed surface is formed only on a side surface of
the center electrode.

A spark plug according to any one of claims 1 to 4, wherein the tip is formed of iridium, platinum, tungsten, palladium,
or an alloy which contains at least one of the metals as a main component.

10
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